The concentration of n-3 long-chain polyunsaturated fatty acids (LC-PUFA) in neural 20 tissues is known to be crucial for effective prey capture from the time of first feeding in marine fish 21 larvae. Furthermore, tissues of tunids, including Atlantic bluefin tuna, have relatively high levels of 22 DHA (docosahexaenic acid, 22:6n-3) and a high ratio of DHA:EPA (eicosapentaenoic acid; 20:5n-23
DHA (docosahexaenic acid, 22:6n-3) and a high ratio of DHA:EPA (eicosapentaenoic acid; 20:5n-23 3) compared to most other species. Although the lipid biochemistry underpinning the high 24 DHA:EPA ratio in tuna is unclear, it has been generally assumed that they must selectively 25 accumulate and retain DHA in their tissues. In the present study, we investigated lipid and fatty acid 26 metabolism during early development of Atlantic bluefin tuna and determined the changes in lipid 27 content, lipid class composition and total, phospholipid and neutral lipid fatty acid profiles in unfed 28 larvae during yolk sac utilisation. In addition, we studied the LC-PUFA biosynthesis pathway by 29 quantifying expression of fatty acyl desaturase and elongase genes. To this end, we cloned and 30 functionally characterized two cDNAs by heterologous expression in yeast, showing them to code 31 for a Δ6 desaturase and Elovl5 elongase, respectively, that could both be involved in the conversion 32 of EPA to DHA. The level of DHA was maintained, but the proportion of EPA declined, and so the 33 8 a 30m x 0.32 mm i.d. capillary column (CP Wax 52CB, Chrompak, London, U.K.) and on-column 174 injection at 50 o C. Hydrogen was used as carrier gas and temperature programming was from 50 o C 175 to 150 o C at 40 o C min -1 and then to 230 o C at 2.0 o C min -1 . Individual methyl esters were identified 176 by comparison with known standards and by reference to published data (Ackman, 1980; Tocher 177 and Harvie, 1988) . Data were collected and processed using Chromcard for Windows (version 1.19) 178 179
Cloning of putative fatty acid desaturase and elongase from ABT larvae 180
Sequences corresponding to the open reading frame (ORF) of fads and elovls from several fish 181 species were aligned and primers designed on conserved regions (Table 1) . GenBank accession 182 numbers of the sequences used in these alignments were AY055749 (Sparus aurata), DQ054840 183 (Gadus morhua), AY546094 (Scophthalmus maximus), NM_001123575 (Salmo salar) and 184
AF301910 (Oncorhynchus mykiss) for Δ6fad; and GQ204105 (Thunnus maccoyii), AY660879 185 (Sparus aurata), AY660881 (Gadus morhua), AF465520 (Scophthalmus maximus), 186
NM_001123567 and NM_001136552 (Salmo salar), DQ067616 (Oncorhynchus masou) for elovl5-187 like transcripts. Fragments were obtained by reverse transcription polymerase chain reaction (RT-188 PCR) (GoTaq® Colorless Master Mix; Promega, Southampton, U.K.) on cDNA synthesised (as 189 described below) from 1 µg of total RNA pooled from 0 to 3 DPH larvae using the conserved 190 region (CR) primers, in the case of elongase, using also primers designed on the sequence of the 191 closely related species T. maccoyii (Tm). After sequencing 192 Fullerton, U.S.A.), the ORF fragments were further extended by 3' rapid amplification of cDNA 193 ends (RACE) PCR (FirstChoice ® RLM-RACE kit, Ambion, Applied Biosystems, Warrington, 194 U.K.), to obtain the sequence of the 3' UTR. The specific primers used for 3' RACE are shown in 195   Table 1 . The Thunnus thynnus sequences corresponding to the putative Δ6fad and elovl5 were 196 assembled using BioEdit (Tom Hall, Ibis Therapeutics, CA) and deposited in the GenBank database 197 under accession numbers HQ214238 and HQ214237, respectively. 198 reference genes, the elongation factor-1α (elf-1α; GenBank accession number: FM995222) and β-252 actin (GU046791) were quantified (Table 1) . Relative quantification was performed in triplicate 253 using a Quantica machine (Techne, Cambridge, U.K.) and the amplification efficiency of each 254 primer pair assessed by serial dilutions of cDNA pooled from the samples being quantified. The 255 amplifications were carried out in a final volume of 20 µl containing 2 µl (for the reference genes) 256 or 5 µl (for larvae samples) diluted (1/20) cDNA, 0.5 µM of each primer and 10 µl AbsoluteTM 257 QPCR SYBR ® Green mix (ABgene). In addition, amplifications were carried out with a systematic 258 negative control (NTC-non template control, containing no cDNA). The qPCR profiles contained 259 an initial activation step at 95 °C for 15 min, followed by 30 to 40 cycles: 15 s at 95 °C, 15 s at the 260 annealing Tm and 30 s at 72 °C. After the amplification phase, a melt curve of 0.5 ºC increments 261 from 75 ºC to 90 °C was performed, enabling confirmation of the amplification of a single product 262 in each reaction. The qPCR product sizes and the presence of primer-dimers in the NTC were 263 checked by agarose gel electrophoresis. In addition, qPCR product identities were confirmed by 264
sequencing. 265
Results are given as expression values (obtained from the standard curve performed with cDNA 266 serial dilutions) normalized by the average value of the two reference genes and are expressed as a 267 relative ratio between each sampling day and the expression at 0 DPH. 268 269
Materials 270
The fatty acids, 22:5n−3, 22:4n−6 and 20:4n−3 (all 98-99% pure), were obtained from 271 Cayman Chemical Co. (Ann Arbor, MI, USA), and 18:2n−6, 18:3n−3, 18:4n−3, 18:3n−6, 20:3n−6, 272 20:5n−3 and 20:4n−6 acids (all 99% pure), BHT and chemicals used to prepare the S. cerevisiae 273 minimal medium -uracil were from Sigma-Aldrich Co. Ltd. (Poole, UK). Solvents were HPLC grade 274
and from Fisher Scientific (Loughborough, UK).
Results are presented as means ± SD (n = 3) except for gene expression data, where a single 278 pool of larvae was analysed. The data were checked for homogeneity of variances using the Bartlett 279 test and, where necessary, arc-sin transformed before further statistical analysis. Differences 280 between mean values were analyzed by one-way analysis of variance (ANOVA), followed when 281 pertinent by a multiple comparison test (Tukey). Differences were reported as statistically 282 significant when P < 0.05 (Zar, 1999) . 283 284
Results 285

Sequence analyses of ABT larvae desaturase and elongase cDNAs 286
The overlapping fragments of a putative fad and elovl that were obtained by classic RT-PCR and 287 3'-RACE-PCR amplification from ABT cDNA were assembled into a sequence of 1817 bp and 288 1170 bp, respectively (gb|HQ214238 and gb|HQ214237, respectively). These sequences included 289
ORFs of 1338 bp for Δ6fad and 885 bp for elovl5, encoding predicted proteins of 446 and 294 290 amino acids, respectively. Comparison of these sequences with those of fad and elovl cDNAs 291 (GenBank accession nos. HM032095 and GQ204105, respectively) of the closely related SBT 292 (Thunnus maccoyii) revealed practically complete sequence conservation. In fact, both Δ6fad and 293 elovl5 ORF sequences are 99% identical, being translated into a 100% identical Fad protein or 99% 294 identical Elovl5 (Thr in ABT instead of Met in SBT in position 85). The phylogenetic trees of both 295 Δ6 Fad (Fig. 1) and Elovl5 (Fig. 2 ) also reveal this, with both ABT and SBT protein sequences 296 clustering together. In addition, the ABT putative Δ6Fad clustered closely with other marine fish Δ6 297
Fads, including those of gilthead seabream, European seabass, turbot, cobia and Asian seabass, and 298 more distantly from other fish Fads (including Δ5 Fads and Δ5/Δ6 Fads) and mammalian Δ6 Fads 299 (Fig. 1) . The phylogenetic tree constructed for the Elovl proteins (Fig. 2) has clearly separated the 300 vertebrate Elovl5, Elovl2 and Elovl4 proteins, with the ABT and SBT Elovls clustering moreclosely with gilthead seabream, turbot and tilapia Elovl5's, followed by salmonid Elovl5 proteins 302 and more distantly with the mammalian Elovl5 proteins. 303 304
Functional characterisation of ABT fatty acyl desaturase and elongase 305
The fatty acid composition of untransformed yeast S.cerevisiae shows four main fatty acids, 306 namely 16:0, 16:1n−7, 18:0 and 18:1n−9 (Hastings et al., 2001) , numbered 1-4 in Figs. 3 and 4 . 307
When yeast, transformed with the ABT Fad cDNA insert, was grown in the presence of Δ6 308 desaturase substrate 18:3n-3, two additional peaks were observed in the GC traces, corresponding to 309 the exogenously added fatty acid, 18:3n−3 and its desaturated product, 18:4n−3 (Fig. 3A) . The GC 310 traces of Fad-transformed yeast grown in the presence of Δ5 and Δ4 Fad substrates showed peaks 311 for the exogenously added fatty acids, 20:4n−3 and 22:5n−3, but no desaturated products, 20:5n−3 312 and 22:6n−3, respectively (Figs. 3B and 3C). Identical results were obtained in parallel experiments 313 incubating Fad-transformed yeast with n-6 PUFA, with 18:3n-6 being produced from 18:2n-6, but 314 no products obtained with either 20:3n-6 or 22:4n-6 substrates. In this heterologous assay system, 315 the ABT desaturase showed a preference for the n−3 fatty acid substrates, with approximately 31% 316 of 18:3n−3 converted to 18:4n−3, and 20% of 18:2n−6 converted to 18:3n−6 (Table 2) . When 317 yeast, transformed with the ABT Elovl cDNA insert, was grown in the presence of fatty acid 318 substrate for C 18 elongation, four additional peaks were observed in the GC trace, corresponding to 319 the exogenously added fatty acid, 18:4n−3, its immediate elongated product, 20:4n−3, and the 320 further elongated products, 22:4n−3 and 24:4n−3 (Fig. 4A) . The GC trace also showed a large peak 321 of 18:1n−7 (peak 5) indicating elongation of endogenous 16:1n−7, and peaks were also observed 322 that corresponded to 20:1n−9 and 20:1n−7 (peaks 6), indicating elongation of 18:1n−9 and 18:1n−7 323 (Figs. 4A-C) . Similarly, the GC traces of Elovl-transformed yeast grown in the presence of 324 substrate for C 20 elongation showed additional peaks corresponding to the exogenously added fatty 325 acid, 20:5n−3, its immediate elongation product, 22:5n−3, and the further elongated product,additional peaks corresponding the exogenously added fatty acid, 22:5n−3, and its elongated 328 product, 24:5n−3 (Fig. 4C) . Again, similar results were obtained with the corresponding n-6 PUFA 329 substrates. In this heterologous expression system, the ABT elongase showed similar activity 330 towards C 18 and C 20 fatty acid substrates, with much lower activity towards C 22 substrates (Table 2) . 331
There was no preference between n−3 and n−6 PUFA substrates for C 18 and C 20 elongation, but 332 there may be a slight preference for n−3 with C 22 elongation ( Table 2) . 333 334
Dry mass, lipid content and lipid class composition of unfed ABT larvae 335
Yolk sac larvae of ABT showed a significant decrease of around 29 % in dry mass from 336 hatching (DPH0) to DPH4 (Table 3) . During the same period, total lipid content decreased by 337 approximately 27 %, on a dry mass basis. The lipid class composition of ABT yolk sac larvae at 338 hatching was predominantly neutral lipids (~77 %), primarily steryl ester/wax ester, TAG and 339 cholesterol, with 23 % total polar lipids, primarily phosphatidylcholine, phosphatidylethanolamine, 340 phosphatidylserine and phosphatidylinositol. The proportion of neutral lipids declined to 59 % by 4 341 DPH due to decreased percentages of both TAG and steryl ester/wax ester. Over the same period, 342 the proportions of membrane lipid increased with total polar lipid and cholesterol rising to 41 % and 343 22 %, respectively (Table 3) . Consequently, the nutritional index (TAG/cholesterol) decreased 344 significantly from 1.9 to 0.3. 345 346
Fatty acid composition 347
Total lipids of ABT yolk sac larvae at hatching were characterized by 26 % saturated fatty 348 acids (primarily 16:0, followed by 18:0 and 14:0), 33 % MUFA (primarily 18:1n-9) and 34 % 349 PUFA, primarily the n-3 LC-PUFA, DHA (19 %) and EPA (6 %) with a DHA:EPA ratio of 3.0 350 (Table 4) . From hatching to DPH4, the proportion of saturated fatty acids increased to 32 % 351 whereas total MUFA decreased to 27 %, mainly due to increased percentages of 18:0, and 352 decreased percentages of almost all MUFA. There were no significant changes in the proportions of 353 n-3, n-6 or total PUFA during this period of development but the percentages of arachidonic acid 354 (ARA; 20:4n-6) and DHA significantly increased, whereas the proportion of EPA decreased ( Table  355 4), such that the DHA:EPA ratio in total lipid increased to 5.0 by DPH4 (Fig.5) . 356
Total polar lipids of ABT yolk sac larvae at hatching were characterized by 36 % saturated 357 fatty acids (primarily 16:0 and 18:0), 19 % MUFA (primarily 18:1n-9) and 39 % PUFA, primarily 358 DHA (27 %) and EPA (6 %) with a DHA:EPA ratio of 4.7 (Table 5 ). There were few major effects 359 of development on polar lipid fatty acid composition from hatching to DPH4, other than a slight but 360 significant increased proportion of total n-6 PUFA, and decreased percentage of EPA (down to 3.7 361 %) with a trend for increased DHA that resulted in the DHA:EPA ratio significantly increasing to 362 7.9 (Table 5, Fig.5 ). In contrast, there were no overall changes in the proportions of total saturated 363 fatty acids, MUFA or PUFA, including EPA and DHA, in total neutral lipids between DPH0 and 364 DPH4 (Table 6) . Similarly, the DHA:EPA ratio was constant at around 2.4-2.5 in neutral lipids 365 (Fig.5) . 366 367
Expression of Δ6 Fad and Elovl5 elongase in ABT larvae 368
Quantitative PCR data for each gene were normalized using elongation factor 1α (elf1α) and 369 β-actin as reference genes. The expression of Δ6fad and elovl5 elongase were very similar during 370 development (inanition) of ABT yolk sac larvae. There was quantitative increased expresssion of 371 over 8-fold for both genes in only 24 h, from DPH0 to DPH1. In the folowing 24 h the level of the 372 expression remained the same but from DPH2 to DPH4, the expression of Δ6fad and elovl5 373 increased greatly to attain levels of expression around 23-and 27-fold greater than at DPH0,specifically on a critical time in marine fish development, such as larvae during the period of yolk 380 sac utilization. Although nutrient utilization and metabolism during early larval development has 381 been a relatively well-studied area in fish there are few comparative data on scombrid species 382 (Weigand, 1996) . Fish of the order Perciformes, to which T. thynnus (Perciformes, Scombridae) 383 belongs, generally produce eggs with oil globules, showing variability in the egg or oocyte lipid 384 class compositions but generally with neutral lipids predominating over polar lipids (Wiegand, 385 1996) . Previously, we have reported lipid and fatty acid compositions of wild ABT eggs (Ortega 386 and Mourente, 2010). The newly-hatched yolk sac larvae obtained from captive ABT showed 387 higher dry mass and total lipid content, and a higher proportion of total neutral lipids, and lower 388 polar lipids, than wild ABT eggs. Importantly, however, the nutritional index (TAG/cholesterol) 389 was almost 50 % lower in yolk sac larvae from the captive ABT than in wild ABT eggs (Ortega and 390
Mourente, 2010). The ABT yolk sac larvae at hatching also showed higher proportions of 391 monoenes and lower proportions of PUFA and a lower DHA:EPA ratio than the total lipid fatty 392 profile of eggs of wild caught ABT (Ortega and Mourente, 2010). These differences in apparent 393 quality parameters (TAG/cholesterol, PUFA level and DHA:EPA ratio) of the larvae from captive 394 ABT compared to eggs from wild ABT suggest that this is an area worthy of future research effort. 395
The decreasing total lipid content, and the decreased proportions of neutral lipids, particularly 396 TAG but also steryl ester/wax ester, showed that lipid was utilized during this early stage of yolk 397 sac larval development in ABT. Phospholipid, TAG or wax ester, exclusively, sequentially or in 398 combination, are all used as energy sources by fish embryos with the pattern varying with species 399 (Sargent et al., 1989 (Sargent et al., , 2002 Wiegand, 1996) . Thus, ABT showed a pattern of lipid metabolism 400 during early development similar to that of marine larval fish from temperate waters whose eggs 401 contain high levels of total lipids, including an oil globule, and which preferentially utilize neutral 402 lipids as the primary energy source (Weigand et al., 1996; Sargent et al., 2002) . Studies of fatty acid 403 depletion in developing embryos and early larvae of a range of Perciform species have found 404 preferential catabolism of MUFAs along with preferential retention of DHA, ARA and specific 405 saturated fatty acids, usually 16:0 or 18:0 (Mourente and Vazquez, 1996; Wiegand et al., 1996; 406 Mourente et al., 1999; Sargent et al., 2002; Ortega and Mourente, 2010) . This reflects the essential 407 structural role of DHA in membranes, the importance of ARA in eicosanoid production and specific 408 roles of saturated fatty acids in the sn-1 position of structural phospholipids. 409
In the present study the ABT larvae were not fed and so were, in effect, starving and the 410 changes in lipids have to be interpreted in that context. Therefore, one explanation for the changes 411 observed in the larval fatty acid composition, showing an increasing DHA:EPA ratio, can be 412 advanced simply in terms of differential oxidation and retention of DHA. The results show total 413 lipid and neutral lipid decreased during the development period and so fatty acids were undoubtedly 414 being utilized for energy. Although it is known that both EPA and DHA can be oxidized in fish, at 415 least salmon, when in dietary excess (Stubhaug et al., 2007) , DHA is known to be the fatty acid that 416 is most preferentially retained (Sargent et al., 2002) . Whether this is a true active retention or 417 whether it is due to DHA being more slowly and inefficiently oxidized is not clear (Tocher, 2003) . 418
The results with the ABT larvae showed that the proportion of polar lipid increased with time and, 419 as polar lipid had a higher DHA content than neutral lipid, the proportion of DHA in total lipid 420 would consequently increase, as observed. In addition however, whereas DHA content in neutral 421 lipid remained constant there was a trend for increased proportions of DHA in polar lipids 422 suggesting that DHA released by hydrolysis of TAG could be then reesterified in polar lipid as 423 observed in previous studies on larval development in marine fish (Tocher et al., 1985; Fraser et al., 424 1988) . So the fact that the content of DHA relative to total fatty acids tends to increase in both total 425 lipid and polar lipid would be consistent with the known phenomenon of retention of DHA. 426
The present study also represents the first investigation of LC-PUFA biosynthesis in ABT and 427 reports the cloning of cDNAs for two important genes in the pathway. Heterologous expression in 428 the yeast S. cerevisiae demonstrated that the ABT cDNAs coded for a Δ6Fad and an Elovl5species was far greater than observed previously between any other teleost species including closely 433 related salmonids (Zheng et al., 2004; Monroig et al., 2010) . Furthermore, the functional data 434 obtained with the ABT elongase in the present study were qualitatively identical and quantitatively 435 very similar to the results previously reported for SBT elongase, which was also shown by 436 expression in yeast to be an Elovl5 (Gregory et al., 2010) . This is not surprising considering the 437 ORF and translated protein sequences of the Thunnus elongases were 99 % identical with only one 438 amino acid difference. The ABT and SBT Fad ORF sequences were also 99 % identical but 100 % 439 identical at the protein level and so, although not functionally characterized, it is certain that the 440 SBT desaturase is also a Δ6Fad as shown for the ABT desaturase in the present study. 441
The presence of the Δ6fad and elovl5 genes and the role of Δ6Fad and Elovl5 activities in LC-442 PUFA biosynthesis in marine fish species has been the subject of some discussion and speculation 443 (Kaushik and Troell, 2010). As such, all these species will normally obtain high levels of EPA and 448 DHA, and rather low levels of 18:3n-3 and 18:2n-6, in their natural diet and so endogenous LC-449 PUFA biosynthesis from C 18 precursors is redundant. Consistent with this, LC-PUFA synthesis in 450 hepatocytes or enterocytes from marine species including cod, and European and Asian sea bass, is 451 very low (Mourente et al., 2005; Tocher et al., 2006; Mohd--Yusof et al., 2010) . However, the role 452 of Δ6 Fad in the pathway from EPA to DHA (desaturation of C 24 PUFA intermediates), along with 453 the high expression of Δ6fad and elovl5 in brain in cod, cobia and Asian sea bass, has suggested andevelopment (Zheng et al., 2005 (Zheng et al., , 2009 Tocher et al., 2006; Mohd--Yusof et al., 2010) . The data 457 from the present study in ABT showing increased expression of Δ6fad and elovl5 during yolk sac 458 larval development is consistent with this hypothesis. Interestingly, the Elovl2 elongase, which has 459 high activity towards C 22 PUFA would be the more important Elovl in this pathway for production 460 of C 24 PUFA intermediates, but Elovl2 has only been isolated from Atlantic salmon and not from 461 any marine fish (Morais et al., 2009) Zheng et al., 2004 Zheng et al., , 2009 Mohd--Yusof et al., 2010) , in contrast to mammalian Elovl5 that 463 has very low or no activity towards C 22 PUFA (Leonard et al., 2000; Inagaki et al., 2002) . 464
The above data also offer a further possible explanation for the increasing DHA:EPA ratio 465 observed in total lipid in the ABT larvae. As this increasing ratio was due soley to changes in the 466 DHA:EPA ratio in polar lipid and not neutral lipid, this may suggest that there is an active 467 conversion of EPA to DHA. The fad and elovl gene expression data are consistent with this, but it is 468 not possible to confirm this from the data available. It is probable that the situation is one where 469 both mechanisms could contribute to the effect. As the larvae were starving in the present study, it 470 is likely that the observed changes in DHA:EPA ratio were more the consequence of retention of 471 DHA through relatively lower oxidation and channeling towards reesterification in polar lipid. In 472 natural development with exogenous feeding, the increased expression of fad and elovl genes and 473 consequent increased conversion of EPA to DHA would be an important pathway to help satisfy the 474 high requirement for DHA necessary for the rapid development of neural tissue (brain and eye) at 475 this time (Mourente, 2003) . It was previously speculated that the high DHA:EPA ratio in tuna 476 tissues in general was consistent with selective metabolism of EPA, through both conversion to 477 DHA via elongation and desaturation and also by catabolism via β-oxidation (Tocher, 2003) . 478
In conclusion, the data in the present study with ABT larvae show that the increasing DHA:EPA 479 ratio is most likely the result of retention of DHA in polar lipids and selective catabolism of EPA 480 although the increasing expression of the genes of LC-PUFA biosynthetic pathway, Δ6fad and Thunnus thynnus E lovl5
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